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with	 the	exception	of	 timber	volume	and	ground	flora	species	 richness.	Thresholds	
were	most	pronounced	for	aboveground	biomass,	timber	volume	with	respect	to	the	
ecosystem	services,	and	ectomycorrhizal	fungi	and	ground	flora	species	richness	with	
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1  | INTRODUCTION
Forests	 have	 evolved	 in	 the	 presence	 of	 natural	 disturbances,	 such	
as	 drought,	 windstorms,	 wildfire,	 insect,	 and	 disease	 outbreaks	
(Greenberg	&	Collins,	2015;	Walker,	1999).	However,	 the	 increasing	




















Recent	 research	has	 focused	on	understanding	 the	 trajectory	of	
forest	system	responses	to	disturbances,	including	the	role	of	thresh-













required	 to	determine	whether	 there	are	abrupt	 thresholds	or	more	
subtle	 changes	 in	 these	 systems	 and	 to	 evaluate	 the	 trajectory	 of	
forest	 recovery	 (Seidl	 et	al.,	 2011;	Trumbore	 et	al.,	 2015).	 Following	
a	disturbance,	some	forest	functions	such	as	photosynthesis	and	tran-
spiration	can	recover	within	a	decade,	whereas	it	can	take	>100	years	
for	biomass	and	biodiversity	 to	 recover	 (Martin,	Newton,	&	Bullock,	
2013;	 Spake,	 Ezard,	Martin,	Newton,	&	Doncaster,	 2015;	Trumbore	
et	al.,	 2015).	 If	 we	 can	 anticipate	 an	 approaching	 forest	 transition,	
guidance	can	be	provided	on	how	management	can	be	adapted	so	that	
biodiversity	and	ecosystem	service	delivery	is	maintained.
One	 response	 strategy	 to	 intensified	disturbances	 is	 to	enhance	
ecosystem	 resilience,	which	 has	 been	 the	 focus	 of	 recent	 literature	
(Biggs	et	al.,	2012),	and	environmental	policy	(Newton,	2016;	Newton	
&	Cantarello,	2015).	Resilience	 is	 intuitively	understood	as	 the	abil-
ity	of	an	ecosystem	to	withstand	or	tolerate	a	perturbation.	However,	
the	precise	definition	of	resilience	in	an	ecological	context	has	been	
the	 focus	of	 substantial	debate	 (Newton	&	Cantarello,	2015).	Many	
different	 definitions	 have	 been	 proposed,	 including	 engineering	 re-













of	 forest	 ecosystem	 management	 among	 scientists,	 practitioners,	
and	policymakers	(Millar	&	Stephenson,	2015;	Newton	&	Cantarello,	
2015;	 Seidl,	 Spies,	 Peterson,	 Stephens,	 &	 Hicke,	 2016),	 theoretical	
discussions	of	resilience	concepts	still	greatly	outpace	their	practical	
application	 (Biggs	et	al.,	2012).	This	can	be	attributed	 to	knowledge	




























framework	presented	 in	Collins	et	al.	 (2011).	 Specifically,	we	aim	 to	
quantify	(1)	to	what	extent	forest	ecosystem	services	and	biodiversity	









2  | MATERIALS AND METHODS
2.1 | Study area
The	New	Forest	National	 Park	 is	 located	 in	 southern	 England	 (UK;	
















&	Myers,	 2013).	 The	 New	 Forest	 has	 been	 remarkably	 resilient	 as	
a	 socio-	ecological	 system	 having	 withstood	 profound	 political	 and	
socioeconomic	changes	 in	 society	over	 the	 last	900	years	 (Newton,	





Our	 research	 focused	 on	 the	 broadleaved	 woodlands	 of	 the	
National	 Park,	which	 are	 highly	 valued	 for	 their	 biodiversity,	 recre-
ational	 opportunities	 and	 amenities	 (Newton,	 2010),	 and	 managed	
with	 the	dual	purposes	of	 (1)	 conserving	and	enhancing	 the	natural	
beauty,	wildlife,	 and	 cultural	 heritage	 and	 (2)	 promoting	 opportuni-
ties	 for	 the	understanding	and	enjoyment	of	 the	special	qualities	of	





clude	 ancient	 pasture-	woodlands	 originating	 in	 the	18th	 century	 or	
earlier,	 shaped	by	 the	presence	of	grazing	and	 traditional	pollarding	
of	trees	(Peterken,	Spencer,	&	Field,	1996),	and	“enclosed”	woodlands	
that	historically	have	been	managed	for	timber	production	and	have	
at	 times	been	protected	by	 stock	 fences.	 In	 addition	 to	 their	 ability	
to	 provide	 timber,	 today	 enclosed	 woodlands	 are	 increasingly	 rec-
ognized	 for	 their	nature	conservation	and	 recreation	value	 (Forestry	
Commission	2008).	The	tree	biomass	 is	dominated	by	Quercus robur 
(47%)	and	Fagus sylvatica	(33%),	with	an	understorey	of	Ilex aquifolium 
(9%)	and	an	admixture	of	Betula pendula	 (4.5%),	Crataegus monogyna 
(1.3%),	 and	Taxus baccata	 (0.9%).	Details	 of	 the	 species	 characteris-
tics	found	in	the	broadleaved	woodlands	were	based	on	Newton	et	al.	








of	 increasing	 disturbance	 on	 the	 provisioning	 of	 ecosystem	 ser-
vices	 and	 biodiversity:	 “pulse”	 and	 “pulse+press”	 sets.	 Under	 the	
pulse	 set,	 forest	 dynamics	 following	 a	 one-	off	 disturbance,	 such	
as	a	windthrow	event	or	pathogen	attack,	were	explored	using	an	






disturbance,	 simulating	 the	current	 levels	of	browsing	of	 trees	by	
livestock	and	deer	(Newton	et	al.,	2013).	In	total,	12	scenarios	were	
simulated	and	each	scenario	was	 replicated	 three	 times,	owing	 to	
the	 stochastic	nature	of	disturbance	events.	Due	 to	 the	 low	vari-
ation	between	the	three	replicates	for	each	scenario,	AGB	of	each	
replicate	was	 less	 than	±5%	of	 the	mean	of	 replicates	 at	 the	end	
of	the	simulation.	Scenarios	were	developed	over	a	time	frame	rel-
evant	 to	 decision	making	 (100	years;	 Forestry	 Commission	 2016)	
and	were	run	at	a	50-	m	resolution	(or	cell	size).
All	 scenarios	 were	 simulated	 using	 a	 spatially	 dynamic	 model	
(LANDIS-	II	 v.6.0;	 Scheller	 et	al.,	 2007),	 designed	 to	 simulate	 the	
spatiotemporal	 dynamics	 of	 forested	 landscapes	 through	 the	 incor-
poration	 of	 a	 number	 of	 ecological	 processes	 including	 succession,	




eled	using	 the	harvesting	 succession	extension	 (Base	Harvest	v2.2).	
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Three	properties	of	 resilience	were	 calculated,	 following	Nimmo	
et	al.	 (2015):	 resistance,	 recovery	 time,	 and	 net	 change.	 Resistance	
was	measured	as	the	magnitude	of	change	of	each	variable	(i.e.,	eco-






less	 resistance.	 In	 those	cases	where	D0	>	C0	 (indicating	an	 increase	
in	the	value	of	the	variable),	the	index	was	set	to	1	to	avoid	the	index	
















00 Long Mat ShT FiT EffSD MaxSD VRP Min VRP Max VRP P- FiR
Acer campestre 200 10 3 1 80 120 1 10 120 None
Acer pseudoplatanus 150 12 4 1 120 400 1 10 100 None
Alnus glutinosa 250 12 3 1 120 200 1 10 200 None
Betula pendula 160 18 2 1 200 1,600 1 10 120 None
Carpinus betulus 250 20 4 1 90 130 1 10 150 None
Castanea sativa 300 35 3 1 300 700 1 10 250 None
Corylus avellana 80 10 4 1 300 700 1 10 80 None
Crataegus monogyna 150 4 2 1 300 700 1 10 100 None
Fagus sylvatica 500 55 5 1 300 700 1 10 300 None
Frangula alnus 80 3 2 2 300 700 1 10 30 None
Fraxinus excelsior 200 17 3 1 90 120 1 10 200 None
Ilex aquifolium 300 10 3 1 300 700 1 10 300 None
Malus sylvestris 130 8 2 1 300 700 1 10 100 None
Picea abies 300 40 2 1 100 120 0 0 0 None
Picea sitchensis 300 22 2 1 100 120 0 0 0 None
Pinus nigra 350 22 2 1 100 150 0 0 0 None
Pinus sylvestris 300 12 2 1 100 1,000 0 0 0 None
Populus alba 250 7 2 1 500 1,600 1 10 250 None
Prunus spinosa 60 4 2 1 300 700 1 10 60 None
Pseudotsuga menziesii 400 12 2 3 120 380 0 0 0 None
Quercus robur 500 60 2 1 300 700 1 10 400 None
Quercus rubra 200 22 4 3 300 700 0 0 0 None
Salix cinerea 90 35 2 1 1,000 1,600 1 10 70 None
Sorbus aria 150 6 2 1 300 700 0 0 0 None
Sorbus aucuparia 100 15 2 1 300 700 1 10 100 None
Sorbus torminalis 100 13 4 1 300 700 1 10 100 None
Taxus baccata 3,000 20 4 1 300 700 0 0 0 None
Tsuga heterophylla 400 15 2 1 120 160 0 0 0 None
Viburnum opulus 50 5 2 1 300 700 1 10 40 None
Long,	longevity	(years);	Mat,	age	of	sexual	maturity	(years);	ShT,	shade	tolerance	(1–5);	FiT,	fire	tolerance	(1–5);	EffSD,	effective	seed	dispersal	distance	(m);	
MaxSD,	maximum	seed	dispersal	distance	(m);	VRP,	vegetative	reproduction	probability	(0–1);	MinVRP,	minimum	age	of	vegetative	reproduction	(years);	
MaxVRP,	maximum	 age	 of	 vegetative	 reproduction	 (years);	 P-	FiR,	 postfire	 regeneration	 form	 (none,	 resprouting,	 or	 serotiny).	 Values	were	 based	 on	
Newton	et	al.	(2013).
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Linear	 mixed	 models	 (LMMs)	 were	 fitted	 to	 estimate	 the	 rela-
tionships	between	resistance,	recovery	time,	and	net	change	and	the	
degree	 of	 disturbance	 for	 each	 ecosystem	 service	 and	 biodiversity	
measure.	To	improve	models	performance	and	interpretability	of	co-
efficients,	 the	degree	of	disturbance	was	standardized	prior	to	anal-
ysis	using	 the	methods	 in	Schielzeth	 (2010).	Models	 fitted	 included	




the	degree	of	disturbance,	B1	 and	B2	 are	parameters	 relating	 to	 the	








practice,	 but	 it	 should	 be	 noted	 that	 use	 of	 different	 criteria	might	
have	 yielded	 different	 results.	 A	 paired	 Wilcoxon	 signed	 rank	 test	
was	used	to	test	differences	between	the	pulse	and	the	pulse	+	press	
values	 of	 resistance,	 recovery	 time,	 and	 net	 change.	 Spearman	 cor-
relation	analyses	between	resistance,	recovery	time,	and	net	change	











capsule)],	 recreation	 value,	 soil	 nitrogen	 stock	 (Mg	N/ha),	 soil	 respi-
ration	 rate	 (μmols	m2/s),	 timber	 volume	 (m3/ha),	 total	 carbon	 stock	
(Mg	C/ha),	 and	 species	 richness	 of	 ectomycorrhizal	 fungi	 (ECM),	
ground	flora,	epiphytic	lichens,	and	trees	(Figure	2).
Aboveground	biomass,	total	C	stock,	and	soil	N	stock	were	cal-
culated	 from	 the	Century	 Extension	 of	 LANDIS-	II.	Timber	volume	
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was	calculated	by	multiplying	the	aboveground	biomass	of	the	spe-
cies	 important	for	timber	production	 (i.e.,	Quercus robur	and	Fagus 
sylvatica)	for	their	respective	nominal	specific	gravity	(Jenkins	et	al.,	
2011).
Net	 N	 mineralization,	 soil	 respiration	 rate,	 species	 richness	 of	
commercially	harvested	and	ectomycorrhizal	fungi,	ground	flora,	and	
epiphytic	 lichens	were	measured	 in	 the	 field	 along	 twelve	 replicate	
gradients	 of	 temperate	 forest	 dieback,	 from	 intact	 forest	 to	 grass-
land.	 Recreation	 and	 aesthetic	 values	 were	 measured	 by	 conduct-
ing	a	questionnaire	survey	of	200	visitors	distributed	equally	across	
ten	 car	 parks	within	 the	 SSSI	 New	 Forest	 boundary	 (see	Appendix	
















F IGURE  3  (Continued)





3.1 | Ecosystem services and biodiversity spatial and 
temporal variation
All	 of	 the	 ecosystem	 services	 and	 biodiversity	 measures	 stud-
ied	 varied	 spatially	 between	 ecoregions.	 Most	 variables	 (10/13)	
demonstrated	 a	 sudden	decrease	 after	 the	pulse	disturbance	was	






The	 majority	 of	 the	 ecosystem	 services	 studied	 (8/9)	 showed	 a	
linear	 decline	 in	 resistance	with	 increasing	 disturbance	 intensity.	
F IGURE  3  (Continued)




the	biodiversity	measures	 (2/4)	showed	a	 linear	decline	 in	 resist-
ance	 with	 increasing	 disturbance	 intensity,	 while	 the	 other	 half	
were	resistant	over	time.	Overall,	resistance	measures	did	not	dif-
fer	 between	 pulse	 and	 pulse	+	press	 sets	 of	 scenarios	 (Figure	4,	
Appendix	S5).
3.3 | Recovery
All	 of	 the	 ecosystem	 service	 and	 biodiversity	 measures	 showed	
an	 increase	 in	 recovery	 time	 with	 increasing	 disturbance	 intensity.	
Recovery	 time	 increased	 relatively	 rapidly	 for	 timber	 volume	 and	
richness	 of	 commercially	 harvested	 fungi,	 and	 relatively	 slowly	 for	
epiphytic	lichens	richness	and	recreation	value.	Recovery	time	for	soil	
nitrogen	stock	and	timber	volume	did	not	differ	between	pulse	and	







Under	 the	 pulse	 set,	 the	 majority	 of	 the	 ecosystem	 services	 and	




the	pulse+press	 set,	net	 change	exhibited	a	 threshold	 response	 in	
the	majority	of	the	cases	(11/13).	In	nine	cases,	net	change	started	
to	 decline	 sharply	 when	 disturbance	was	 applied	 to	 >40%	 of	 the	
landscape,	 whereas	 in	 two	 cases	 net	 change	 showed	 a	 quadratic	
increase	 with	 disturbance	 intensity.	 Soil	 nitrogen	 stock	 and	 tree	
species	 richness	were	 best	modeled	 by	 null	models.	Overall,	with	
the	exception	of	soil	nitrogen	stock,	all	of	the	net	change	measures	
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of	 timber	 volume,	 resistance	 and	 recovery	 time	were	 correlated	
with	net	change	(positively	and	negatively,	respectively).	Similarly	
to	the	pulse	scenarios,	under	the	pulse+press	scenarios,	10	of	13	








&	Cantarello,	 2015;	 Seidl	 et	al.,	 2016),	 quantifiable	metrics	 of	 resil-
ience	to	changing	disturbance	regimes	are	severely	lacking.	Our	study	



















ecosystem	 services	 and	 biodiversity	measures.	 In	 our	 specific	 case,	







Threshold	 responses	 to	 environmental	 change	 are	 currently	 the	




restrial	 ecosystems	 is	 currently	 limited.	 Our	 results	 indicate	 that	 if	
the	temperate	forest	examined	here	continues	to	be	subjected	to	the	
browsing	intensity	that	it	experiences	at	present,	no	major	changes	in	












study	may	 be	 attributable	 to	 positive	 feedbacks	 between	 the	 pulse	
and	press	disturbances.	While	the	pulse	disturbance	reduces	AGB,	the	
press	disturbance	limits	tree	recruitment,	which	could	accelerate	a	de-
















As	 disturbance	 intensifies,	 relatively	 shade-	tolerant	 dominant	 tree	
species	are	replaced	by	pioneer	species	(Newton,	2010),	allowing	AGB	












explained	by	well-	known	patterns	of	 successional	 changes	 in	 forest	
ecosystems	(Bormann	&	Likens,	1979).	For	example,	Zenner,	Kabrick,	
Jensen,	 Peck,	 and	 Grabner	 (2006)	 demonstrated	 that	 ground	 flora	
richness	increased	proportionally	along	a	gradient	of	harvest	intensity,	
in	accordance	with	the	results	found	in	our	study.
The	 current	 study	 presents	 a	 few	 issues	 that	 should	 be	 borne	
in	mind	when	 interpreting	 the	 results	 obtained.	With	 regard	 to	 the	
ecosystem	services	and	biodiversity	measures	explored,	total	carbon	
stock,	 soil	nitrogen	stock,	and	 tree	species	 richness	were	calculated	
from	the	Century	Extension	of	LANDIS-	II,	which	common	to	all	eco-
logical	models	is	subject	to	a	number	of	limitations	and	assumptions	






among	 the	 indicators	commonly	 found	 to	be	 significantly	 related	 to	













of	 resilience	 could	have	been	 adopted,	 such	 as	 asymptotic	 stability,	





European	Union,	 2015),	 as	well	 as	 specific	management	 objectives	
for	individual	sites	(Forestry	Commission	2016).	In	sites	such	as	the	


















Managers	 could	 potentially	 use	 measurements	 of	 resilience,	
and	 identification	of	thresholds	of	response	to	disturbance,	to	de-
velop	 interventions	 specifically	 intended	 to	 increase	 forest	 resil-
ience.	 In	the	case	study	examined	here,	specific	recommendations	
to	enhance	resilience	 in	the	short–medium	term	could	 include:	 (1)	
protecting	 tree	 regeneration	 from	 high	 herbivore	 pressure,	which	
limits	recruitment	of	trees,	and	(2)	limiting	the	current	management	
practice	of	 tree	 cutting	 and	heathland	burning	outside	 the	wood-
land	units	so	that	trees	might	colonize	nearby	grassland	and	heath-
land	and	adapt	to	the	new	environmental	conditions.	However,	this	
would	 mean	 accepting	 woodlands	 collapse	 in	 some	 parts	 of	 the	
landscape	and	expand	in	other	areas,	which	could	result	in	potential	
negative	 impacts	 on	 biodiversity	 and	 ecosystem	 service	 provision	
at	the	 landscape	scale.	For	example,	native	ancient	woodlands	are	
highly	valued	for	their	biodiversity,	and	their	loss	could	have	impli-
cations	 for	many	 species	 of	 conservation	 interest	 that	 depend	on	
them	 (Bergmeier	 et	al.,	 2010;	 Plieninger	 et	al.,	 2015).	 Biodiversity	
loss	 also	 has	 the	 potential	 to	 alter	 ecosystem	 functioning	 (Duffy,	
2009).	 Other	 recommendations	 to	 increase	 forest	 resilience	 have	
been	proposed	including	planting	resilient	tree	species	that	tolerate	
a	variety	of	climates	and	 the	selection	and	use	of	clones	 resistant	
to	 pests	 and	 diseases	 (Fares,	 Mugnozza,	 Corona,	 &	 Palahi,	 2015;	
Forestry	Commission	2015).	However,	as	noted	by	Newton	(2016),	
these	 recommendations	 would	 undermine	 current	 efforts	 to	 halt	
biodiversity	loss.	For	example,	tree	species	diversification	could	en-
danger	 the	exceptional	 biodiversity	value	of	 ancient	native	wood-
lands	 (Bruun,	 Heilmann-	Clausen,	 &	 Ejrnaes,	 2015).	 Management	
practices	 that	 preserve	 natural	 ecosystem	 processes	 are	 likely	 to	
be	more	 effective	 in	 supporting	 forest	 biodiversity	 and	 resilience	
(Jonsson,	Pe’er,	&	Svoboda,	2015).
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These	 results	 also	 have	 implications	 for	 how	 resilience	 is	 best	
measured.	Here,	following	Grimm	and	Wissel	(1997)	and	Nimmo	et	al.	
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